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In this study an impedimetric immunosensor was developed in order to determine ciprofloxacin (CIP) in
wastewater samples, an emergent contaminant widely found in wastewater. To achieve this, an anti-
ciprofloxacin antibody was immobilized on the surface of a printed carbon electrode. Then, the
developed immunosensor was applied in wastewater samples from Université Laval residences (Québec,
Canada) through the load transfer resistance (R.) using [Fe(CN)e]®>~/4 as a redox probe, and the average
CIP concentration was found to be 2.90 x 10~ ug mL~L. The observed R changes presented a linear
relationship from CIP concentrations of 107> to 1.0 ug mL™%, with detection and quantification limits of
250 x 107% and 7.90 x 107° ng mL~?, respectively. The immunosensor presented high selectivity and

repeatability, as well as a good recovery rate in wastewater samples (97%). Significant interference with
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Accepted 18th December 2019 other compounds was not observed. The proposed method requires only 30 pL of sample without the

use of organic solvents or preceding sample preparation and/or extraction techniques. Moreover, the
method is fast: only 20 min of incubation followed by 2 min of analysis time was sufficient to obtain the
CIP concentration. The method's estimated cost is US$ 2.00 per sample.
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1. Introduction

In recent years, there has been growing concern about the
effects of exposure to so-called emerging contaminants (EC).
These ECs are compounds widely found in surface and
groundwater, which may present some risk to the ecosystem
and to humans, but are not yet routinely monitored in the
environment. The main characteristics are the risk associated
with exposure even at low concentrations and persistence in the
environment without any established legislation for their
control." Among them, the most prominent are pharmaceutical
compounds, particularly antibiotics. Antibiotics are extensively
used in human and animal therapy, followed by their excretion,
which is an important source of the pollutants in surface water,
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groundwater and soil. The main consequence reported is the
appearance of multi-resistant bacteria.””® This microbial resis-
tance could be caused by the overuse of antibiotics in veterinary
therapy or by the presence in the environment. Thus, antibiotics
in the environment are considered as a major threat to human
health and aquatic flora and fauna, even at the extremely low
concentrations found in the environment, such as micrograms
and nanograms per liter.*®

Currently, there is great concern about multi-resistant
bacteria occurring in wastewater treatment plants (WWTPs),
since these units were not designed to remove ECs and provide
an environment that is favorable for microorganism multipli-
cation.»>***? It is known from the literature>**~"” that pharma-
ceutical compounds may be partially degraded (producing more
toxic sub-products) or may remain unchanged during conven-
tional treatment in WWTPs and then be released into water
bodies. Within this perspective, ciprofloxacin (CIP) has received
great attention owing to its multi-resistant bacteria effect.

Ciprofloxacin is an antibiotic from the fluoroquinolone
family, widely used for the treatment of various diseases caused
by gram (+) and gram (—) microorganisms, being prescribed for
infections of soft, respiratory and bacterial tissues, sexually
transmitted diseases and sinusitis.’®* It is excreted mainly
through feces and urine, with up to 72% excreted in the
unmetabolized form.**** About 20% is eliminated through
urine and feces in five metabolites, namely N-formyl-

This journal is © The Royal Society of Chemistry 2020
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ciprofloxacin (<0.1%), diethylene-N-formyl-ciprofloxacin (1%),
oxo-ciprofloxacin (7%), sulfo-ciprofloxacin (10%) and ethylene-
ciprofloxacin (2%).>* Thus, both metabolites and unmetabo-
lized CIP can be disposed of in the public sewage and reach
WWTPs. Thereafter, it is fundamental to monitor CIP in
wastewater samples using a fast, selective and easy handling
method producing minimal chemical waste.

Nowadays, the most commonly used technique for the
determination of pharmaceutical compounds in wastewater is
chromatography, especially liquid chromatography coupled to
mass spectrometry. However, the technique is expensive, uses
large amounts of solvents (e.g:, methanol and acetonitrile) and
requires laborious pre-cleaning steps. Lindberg et al. measured
ciprofloxacin in hospital sewage in Kalmar County Hospital
(Sweden) using LC-MS and found CIP at concentrations of 3.6 to
101 pug L™ '.%® Feitosa-Felizzola and Chiron detected a maximum
ciprofloxacin concentration of 9.7 pg L™ " in the Arc River (France)
using LC-MS/MS.** Wang et al. analyzed antibiotics in swine
sludge in China by UPLC-HRMS and found CIP at concentrations
from 2.00 to 1118.89 pg kg™ *.2° Mirzaei et al. analyzed antibiotics
in urban effluents in rivers in Tehran, Iran by HPLC-MS/MS and
found CIP in the range of 0.2487 to 0.2950 ug L~ '.2°

In this context, a biosensor could be an alternative method for
CIP determination in wastewater samples offering fast, selective,
sensitive, and low-cost detection that follows green chemistry
principles. Biosensors convert a biological response from anti-
bodies, antigens, nucleic acids or enzymes immobilized on the
substrate into an electrical signal.”” Biosensors that achieve the
biological recognition using antibodies are called immunosensors
and present high binding specificity for their respective antigens.*®

Among the various transduction techniques currently avail-
able, electrochemical impedance spectroscopy (EIS) has been
widely applied in biosensor development in order to evaluate
the interfacial properties of the modified electrodes.”** The
physical, chemical and electric responses that arise from the
modification of the antibodies' bonds by the target molecules
are monitored by using redox probes and analysis of charge
transfer resistance (R.) on the electrode surface, as reported by
several researchers, such as Aydin et al.,>* Ruecha et al.,** Aydin
et al.,** and Fusco et al.** The combination of an antigen with an
antibody provides an analytical response with high sensitivity
and selectivity, in addition to operational simplicity, low cost
and a non-destructive electrochemical method, which are
important characteristics for an analytical device.***”

Thus, the present study describes the development of an
immunosensor for CIP determination in wastewater samples
using immunoglobulin G (IgG) immobilized on the surface of
a carbon printed electrode and monitored by electronic imped-
ance spectroscopy. To the best of our knowledge, there are no
studies in the literature related to the development of an immu-
nosensor for ciprofloxacin determination in wastewater samples.

2. Materials and methods
2.1 Reagents

Potassium hexacyanoferrate(u) (K;[Fe(CN)¢]), ethanolamine
(=98%), N-hydroxysuccinimide (98%) (NHS), potassium
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hexacyanoferrate(n), phosphate-buffered saline (PBS), sulfuric
acid (90-100%), 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (=98%) (EDC) and ciprofloxacin (=98%) were purchased
from Sigma-Aldrich. Potassium chloride was obtained from
Fisher Scientific. The anti-ciprofloxacin monoclonal antibody
(IgG) (1 mg mL~") was purchased from Creative Diagnostics.

All solutions were prepared using a Milli-Q water system at
18.2 MQ cm ™' and 298 K.

A stock solution of ciprofloxacin (1 mg mL™") was prepared
in methanol with 50 pL of acetic acid added. Subsequent dilu-
tions were performed in 0.01 mol L™ " phosphate-buffered saline
(pH 7.4). The antibody was diluted in PBS at a concentration of
100 pug mL ™",

2.2 Instrumentation

The electrochemical measurements were performed on
a Princeton Applied Research VersaSTAT 3 potentiostat with
VersaStudio software. EIS measurements were carried out in the
frequency range from 10 000 to 0.1 Hz under a 10 mV amplitude
potential and using 600 s of previous stabilization at the equi-
librium potential. Cyclic voltammetry (CV) was carried out with
the screen-printed carbon electrodes (SPCE) before and after
modification by cycling the potential from —0.7 to 0.8 V vs. Ag/
AgCl at a scan rate of 50 mV s~ . The electrode performance was
tested by using 0.01 mol L™* PBS, 0.1 mol L' KCI as the sup-
porting electrolyte and 0.005 mol L™" potassium ferricyanide/
ferrocyanide as the redox probe.

2.3 SPCE functionalization for ciprofloxacin recognition

The SPCE were purchased from Pine Research Instrumentation
and consist of an Ag/AgCl reference electrode, a carbon working
electrode (model RRPE1002C, 5 x 4 mm), and a carbon counter
electrode on a polymeric substrate.

Initially, the SPCE were electro-oxidized by
noamperometry at +1.5 V vs. Ag/AgCl for 60 seconds in
0.05 mol L ™" H,S0, solution to generate carboxylic groups on the
surface. The electrodes were washed with Milli-Q water, dried
under a N, stream and immediately incubated in 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/
NHS) solution (at 5.0 and 8.0 mM, respectively) for 1 hour at
room temperature, as described by Rocha et al.*® The EDC/NHS
solution was prepared on the day of the experiment and used
regularly over one week, then afterwards, it was re-prepared.

Afterwards, the electrodes were washed in water, dried in N,
and immersed in 100 ug mL ™~ anti-ciprofloxacin antibody solu-
tion diluted in PBS for 1 hour. Finally, the electrodes were washed
with PBS buffer, dried, and immersed in 0.1 mol L™ ethanol-
amine solution for 1 hour to block the remaining sites in order to
avoid nonspecific binding. Finally, the electrodes were washed in
PBS to remove the excess ethanolamine. A volume of 30 pL was
used in each of the described steps. Scheme 1 shows a schematic
illustration of the process described above.

chro-

2.4 Morphology of the chemical immunosensor

The SPCE infrared spectrum was recorded after each function-
alization step in the wavenumber range from 4000 to 400 cm ™
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Scheme 1 Scheme of SPCE surface modification for ciprofloxacin determination.

using attenuated total reflectance Fourier transform spectros-
copy (ATR-FTIR) with a Frontier Infrared Spectrometer equip-
ped with PerkinElmer Spectrum software version 10.03.05.

Atomic force microscopy (AFM) images were obtained for the
SPCE surface before and after modification by the anti-
ciprofloxacin IgG. The measurements were performed using
a Veeco Nanoscope V and the topographic images were
collected in tapping mode with a 300 kHz tip.

2.5 Impedance measurements

EIS measurements were carried out in order to assess the
ciprofloxacin response on the impedance sensor. The technique
was performed over the frequency range from 10 000 to 0.1 Hz
at an AC potentiostatic pertubation with amplitude of 10 mV
around the open circuit potential (OCP). All the measurements
were performed after monitoring the OCP for 300 s in a solution
containing 0.01 mol L™ PBS (pH 7.4), 0.1 mol L' KCl as the
supporting electrolyte and 0.005 mol L' K;[Fe(CN)g]/
K,[Fe(CN)¢] as the redox probe. The recorded EIS data were
modelled to an electrical equivalent circuit using Zview 2.9b
software.

The EIS measurements were made before and after exposing
the sensor to 30 puL of lab-made sewage spiked with cipro-
floxacin at concentrations varying from 107 to 1.0 ug mL ™.

The immunosensor selectivity was evaluated by spiking with
30 pL of carbamazepine (CBZ), norfloxacin (NOR) and ven-
lafaxine (VLF) solutions individually and testing under the same
conditions previously described.

2.6 Analytical parameters

The linearity was evaluated by spiking CIP in lab-made sewage
at six calibration points (10~ to 1.0 ug mL %) and using least-
squares linear regression. The R values in the EIS measure-
ments after successive analyte additions were also evaluated.
This sewage was prepared as described in the paper published
by Martins et al.,* the composition of which is detailed in
Table 1.

The lab-made sewage was initially filtered on quantitative
filter paper (Unifil, diameter 110 mm, thickness 0.20 mm), fol-
lowed by 1:5 dilution in phosphate buffer (pH 7.4), then

1840 | RSC Adv, 2020, 10, 1838-1847

Table 1 Lab-made sewage composition®®

Component Concentration (mg L")
Cellulose 47.0
Sucrose 98.0
Starch 149
Beef extract 262
Sodium bicarbonate 370
NaCl 250
MgCl, 4.50
CaCl, 7.00
LAS (tensoactive) 1.00
Soybean oil 79.0

ciprofloxacin was spiked in the different concentrations levels
in order to obtain the calibration curve.

The inter-day precision was also evaluated by comparing
the calibration curves in the range of 107> to 1.0 ug mL™" in
triplicate (n = 3), prepared on alternate days and expressed as
percentage relative standard deviation (RSD%). The limits of
detection (LOD) and quantification (LOQ) were calculated
using LOD = 3 x ¢/m and LOQ = 10 x ¢/m, with ¢ being the
standard deviation of ten blank measurements and m the
calibration curve slope.*

2.7 Analysis of sewage samples

Wastewater samples were collected in Québec City, QC, Canada
from the Université Laval sewage treatment plant (46°46'43.7"N
71°16'29.4"W) during summer 2019.

About 300 mL of wastewater was collected in a dry and clean
500 mL polypropylene bottle. Further, the samples were stored
in a refrigerator at 5 °C for 1 day until analysis.

In order to minimize the matrix effect, the samples were
analyzed by standard addition method. Initially, the samples
were filtered on quantitative filter paper (Unifil, diameter 110
mm, thickness 0.20 mm), then diluted 1 : 5 in PBS buffer to
a total volume of 25.00 mL, followed by spiking with 0, 250,
500, 750 and 1000 pL of a 1 x 10”2 ug mL~* CIP solution in
triplicate (n = 3). After an incubation time of 20 min, the
samples were analyzed. The recovery was tested in wastewater
samples, also in triplicate (n = 3), with CIP spiked at

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09083e

Open Access Article. Published on 08 January 2020. Downloaded on 12/4/2025 3:50:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a concentration of 1 x 10 ° pg mL ™" in samples diluted 1 : 5 in
PBS buffer.

3. Results and discussion
3.1 Electrochemical behavior

Since electrochemical impedance spectroscopy is a well-
established technique for characterization of the processes
occurring at the electrode-solution interface, and the obtained
spectra are related to the changes at the electrode-solution
interface, it was therefore used to characterize surface modifi-
cations.” Fig. 1 illustrates the performance of the modified
SPCE assessed by CV and EIS by exposing the electrode to
a solution containing 0.1 mol L™ KCl, 0.01 mol L™ PBS (pH
7.4) and 0.005 mol L™ Fe(CNg)]>~"*~. The cyclic voltammo-
grams (Fig. 1A) present a well-defined oxidation peak at 0.3 Vvs.
Ag/AgCl and a cathodic peak at 0.0 V vs. Ag/AgCl in the reverse
scan owing to the electrochemical behavior of the [Fe(CNg)]* ™4~
redox pair (bare immunosensor, red line). After modifying the
SPCE surface with EDC/NHS (SPCE/EDC/NHS, gray line), the
peak current decreased because of the insulating feature of
these molecules, which hinders the electron transfer from the
substrate to the redox couple in the electrolyte interface. After
the attachment of the anti-ciprofloxacin antibody (SPCE/EDC/
NHS/IgG, green line) to the surface by bonding IgG primary
amino groups the NHS,* there is successive diminishing of the
peak intensity, suggesting that the electrochemical activity is
diminished due to the insulating effect of these proteins.
Finally, when ethanolamine (SPCE/EDC/NHS/IgG, black line)
was attached to the modified SPCE as a blocking agent a stable
voltammetric signal was seen, indicating that ethanolamine
was not capable of providing a considerable steric hindrance
effect owing to its small chain length. Moreover, the presence of
the negatively charged (-OH) on the modifier can cause elec-
trostatic repulsion in relation to the [Fe(CN,)]* 4~ anions as the
analyte. Thus, the increase in the peak-to-peak separation (300
mvV) in relation to the expected 59 mV for a reversible system

A
—— Bare immunosensor 50mV s’
—— EDC/NHS
014 —— Antibody
—— Ethanolamine
< 0.0
=,
-0.14
-0.2
T T T T
-0.8 -04 0.0 0.4 0.8

E/V vs Ag/AgCI

Fig. 1
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also confirms the insulating effect of the functionalization
molecules on the electrode surface, which reduces the electron
transfer rate.*®

The choice of supporting electrolyte [Fe(CNg)]> /*~ in this
paper was based on the widely recognized electrochemical
response, which demonstrates that the developed sensor is in
agreement with previous studies described in the
literature.?**4¢

The EIS behavior shown in Fig. 1B demonstrates that the
electrode modification was successful since there is an increase
in the Nyquist plot capacitive arc diameter after each modifi-
cation step. In the Nyquist plot, the semicircle portion from
high to intermediate frequencies refers to the kinetic charge
transfer process whereas the straight line at low frequencies
arises from the diffusional barrier regarding the redox couple
mass-transfer.”” Thus, the enhancement of the semicircle
diameter in the Nyquist plot could be attributed to the steric
and resistive behavior of the molecules attached on the elec-
trode surface, corroborating the performance observed previ-
ously in the cyclic voltammograms.

3.2 Morphology of the SPCE/EDC/NHS/IZG

Fig. 2 illustrates the characteristics of SPCE/EDC/NHS/IgG (in
PBS at 100 pg mL™ ") surface as obtained by infrared spectros-
copy (FTIR) and AFM images.

Fig. 2A shows the FTIR spectra for the bare immunosensor,
the anti-ciprofloxacin antibody and the immunosensor with the
anti-ciprofloxacin antibody. In terms of peak assignments, in
Fig. 2A the FTIR spectrum for the bare immunosensor shows
a low-intensity band at 1072 cm ™', which was assigned to the
C-C vibration.*®

The FTIR spectrum of the anti-ciprofloxacin antibody
prepared in PBS at a concentration of 100 ug mL ™" presents
three bands: a band at 3303 cm ™" for the stretching vibration
of the O-H group of water; a band at 1641 cm ™', which was

assigned to the bending vibration of the quinolone group
(6 N-H); and a broad band at 680 cm ' assigned to the
1400
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e EDC-NHS
12004 4 Antibody
v Ethanolamine
1000
T 00
o
)
% 600 :
N v
' I X e
_ I
400 5.. »® -......E.X‘A
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0 200 400 600 800 1000 1200 1400
Z (Qcm?)

(A) Cyclic voltammograms recorded for bare SPCE (red line) and SPCE modified by EDC/NHS (gray line); EDC/NHS + antibody (green line)

and EDC/NHS + antibody + ethanolamine (black line) in 0.1 mol L™ of KCl/[Fe(CNg)*/#~ 0.005 mol Lt in 0.01 mol L™ PBS pH 7.4 as the
supporting electrolyte. Scan rate from —0.7 to +0.8 V at 50 mV s~ (B) Nyquist plots in the frequency range from 10 000 to 0.1 Hz with 10 mV

amplitude.
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Fig. 2 (A) Infrared spectra for bare SPCE electrode, anti-ciprofloxacin antibody prepared in PBS at 100 pg mL~%, and immunosensor after
antibody immobilization (SPCE/EDC/NHS/IgG in PBS at 100 ug mL™%). AFM images (B) before and (C) after antibody immobilization.

aromatic compost (6 Ar-H).**** In the FTIR spectrum for the stretching vibration of the C=0 group of carboxylic acid (¢
immunosensor with anti-ciprofloxacin antibody, there are C=O); an intense band at 1241 cm™ " refers to the bending
four main bands: the band at 1711 cm ™' is assigned to the vibration of a hydroxyl group (6 O-H); the band at 1014 cm™*

1842 | RSC Adv, 2020, 10, 1838-1847 This journal is © The Royal Society of Chemistry 2020
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corresponds to the stretching mode of a C-F bond; and the
band at 720 cm ™" is assigned to the bending vibration (6 Ar-
H)‘49751

Morphological images of the electrode surface were obtained
before and after the immobilization of the antibody.

AFM images of the bare working electrode (Fig. 2B) present
an irregular surface but after immobilization (SPCE/EDC/NHS/
IgG in PBS at 100 pg mL ") the surface is more symmetrical
and more homogenous (Fig. 2C). In addition, the average
deposit height increased from 1.18 pm (clean electrode) to 1.31
pm (antibody electrode), resulting in a smoother topography,
indicating that the modifications occurred and the antibody
was evenly distributed over the analyzed area. The immuno-
sensor surface roughness was calculated using the root mean
square (RMS) values obtained from the bare immunosensor and
the immunosensor with the anti-ciprofloxacin antibody. The
values obtained for the bare immunosensor and the immuno-
sensor with anti-ciprofloxacin antibody were 170.3 nm and
210.5 nm, respectively, which demonstrates an increase in
roughness over the analyzed area, meaning that the antibody
has been evenly distributed on the electrode surface.

3.3 Validity of the EIS data

A K-K transform was performed to validate the EIS data,
comparing the theoretical and experimental impedance in the
frequency domain in order to investigate the influence of
external factors on the EIS data.”

Fig. 3 compares the experimental data and the K-K plot in
the Bode diagram of the phase angle (¢) and the magnitude of
impedance (|Z]) obtained from the developed immunosensor.
The overlapping of the plots indicates that the experimental
impedance data agree with the theoretical values, and the
agreement of the theoretical and experimental values indicates
that the electrochemical response is causal, linear and stable.
These features mean that the measured impedance exclusively
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Fig. 3 K-K and Bode plots obtained from the experimental EIS
measurement using the bare electrode and the SPCE/EDC/NHS/IgG
ciprofloxacin immunosensor in 0.1 mol L= of KCl and 0.005 mol L™*
Ks[Fe(CN)el/K4lFe(CN)el in 0.01 mol L~* PBS.
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corresponds to the small AC perturbation and the response
does not alter as a function of time, returning to the original
state after interrupting the AC application.®

3.4 Impedimetric detection of ciprofloxacin

In order to evaluate the sensor performance, impedance
measurements were carried out by using the electrode SPCE/
EDC/NHS/IgG in the absence and presence of ciprofloxacin at
concentrations from 107 to 1.0 ug mL ™' in a lab-made sewage
solution. Fig. 4 displays the typical Nyquist plot consisting of
a semicircle portion from high to intermediate frequencies
referring to the [Fe(CN)s]*/*~ charge transfer kinetics in the
electrode interface and the electrolyte. The redox probe diffu-
sional processes are represented by straight lines. The EIS data
were fitted to the equivalent circuit shown in the inset of Fig. 4,
and the model quality ensured by the low resultant chi-squared
values (x> around 10°).*” The circuit consists of an electrolyte
resistance (R.) connected in series with a constant phase
element (CPE) in parallel to a charge transfer resistance (R
and a Warburg impedance (W). The R, is mostly influenced by
the PBS and KCI conductivity and, as expected, it barely varied
in each measurement since the same solution composition was
used in all tests. The CPE is usually employed instead of a pure
capacitor to fit EIS data because it takes into account the
frequency dispersion that arises from the electrode surface
heterogeneities, material porosity, fractal geometry, and other
relevant factors.> The CPE comprises the imaginary number
j(=+v/—1), the angular frequency w, a frequency-independent
constant T and the exponent p, which is associated with the
CPE deviation from the ideal capacitor as expressed in eqn (1). If
p = 1, one assumes it refers to a pure capacitor.

1

CPE = o7 T (1)

800

400

—m— Bare immunosensor
—e—107 uygmL™
—A—10°% ug mL"
—v—105 ug mL"
——10* ug mL"

10 ug mL’
—p—102 ug mL""
—e—10" ng mL"
—%—10 ng mL"!

'Zlm (@ cm?)

T T T
800 1200 1600

Z. (Qcn?)

T
0 400 2000

Fig. 4 Impedance spectrum for immunosensor exposed to cipro-
floxacin at concentrations from 10~/ to 1.0 pug mL™. The inset
represents the equivalent circuit used to fit the EIS data.
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Regardless, the immunosensor was tested in different
ciprofloxacin solutions and p = 0.949 + 0.002, close to 1, indi-
cating the electrode's surface homogeneity and the regular
distribution of capacitance on the sensor's surface.

The Warburg impedance appears as an oblique line with an
angle close to 45° in the Nyquist plot at low frequencies, which
is related to mass-transfer limited processes.>

The R, value can be estimated as the semicircle diameter,
which represents the oxidative and reductive reactions kinetics
involving the [Fe(CN)]>/*~ ions, used by the electrode as an
electron source. As demonstrated in Fig. 4, when the immu-
nosensor was exposed to the target analyte solution, the semi-
circle diameter increased as the concentration increased,
increasing the R value as the CIP concentration augmented.
This fact indicates that CIP adhered to the antibody layer
present on the sensor's surface and hindered the charge
transfer involving the redox probe at the interface electrode/
electrolyte.

The open circuit potential (OCP) was measured up to 300 s in
a solution containing 0.01 mol L' PBS (pH 7.4) with
0.005 mol L™ K3[Fe(CN)]/K4[Fe(CN),] as a redox probe at an
amplitude potential of 10 mV, as shown in ESI Fig. 1. The
results indicate that CIP does not suffer oxidative or reductive
reactions. Some authors have observed a single irreversible
anodic peak for CIP only at the high oxidation potential of 1.1 V
vs. Ag/AgCl owing to its oxidation to 1-cyclopropyl-5-fluoro-6-
(piperazin-1-yl)indoline-2,3-dione.”®*” Therefore, there is an
agreement that CIP is electroactive only under certain particular
conditions of pH, buffer and scan rate.**>

3.5 Calibration curve

The linearity of the immunosensor was assessed by spiking
a lab-made sewage solution in the concentration range from
1077 to 1.0 ug mL~'. Fig. 5 shows the R, variation (AR.)
calculated from the difference between the biosensor, R,
before and after exposure to the target analyte solution. The
AR, signal increased with the increase of the CIP concentra-
tion. The linear response varied from 1 x 10> to 1.0 pg mL ™"
with a slope, intercept and R*> of 51.30, 1125 and 0.9914,
respectively. At CIP concentrations of 1.0 x 10~7 pg mL™' =
Cerp < 1.0 x 107 pg mL™", the immunosensor was able to
detect but not quantify the analyte. The LOD and LOQ were 2.50
x 107% pg mL™" and 7.90 x 10~° pg mL ™", respectively. The
inter-day precision varied from 5.80 to 14.5%, demonstrating
suitable precision according to FDA validation guidelines.®® The
average method recovery was assessed by standard addition
method in wastewater samples. CIP was spiked in wastewater
samples to reach the concentration of 1 x 10° ug mL™*; after
the analysis, the found CIP concentration was 9.70 x 10~ * g
mL ™", which represents a recovery of 97%.

The curve obtained through standard addition (y = 1.57 X
10° [CIP] + 9.20; R* = 0.998) enabled us to determine the CIP
concentration in the wastewater samples. Considering the
dilution performed previously, the CIP concentration in the
wastewater sample was 2.90 x 10~* ug mL~ . The choice of
analyte determination by standard addition curve was based on
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Fig. 5 CIP immunosensor calibration curve obtained in lab-made
sewage samples.

FDA guidelines, which indicates the use of this calibration
method in samples with complex matrix compositions.®® The
results clearly show that the SPCE/EDC/NHS/IgG electrode
presents a stable modifier on the surface, allowing the detection
of the antibiotic at low concentrations in complex samples
without any pre-treatment and the method could be an attrac-
tive way to monitor CIP using an environmentally friendly
detection method.

3.6 Immunosensor selectivity

The immunosensor response was evaluated in the presence of
other contaminants, such as venlafaxine (VEN), carbamazepine
(CBZ) and norfloxacin (NOR). The choice of interfering species
was based on the high occurrence of these compounds in
wastewater*-** and also due to the chemical structure of nor-
floxacin being similar to that of CIP, since both are fluo-

roquinolone antibiotics. The compounds were spiked
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Fig. 6 Relative signal intensities for CIP, CBZ, NOR and VLF during
sample analysis at 1.0 pg mL™%.
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Table 2 Comparison between the developed sensor and similar methods applied for CIP determination

LOD
Probe Transducer Method Sensitivity [uM]  Sample Reference
Anti-ciprofloxacin IgG SPCE EIS 51.30 Q A 7.5 X  Wastewater samples Proposed
mol ' L 107°
Molecularly imprinted Magnetic carbon CV? and differential pulse  0.0228 0.0017 Human serum, human urine 64
polymer (MIP) nanotubes voltammetry A’ mol L7" and tablets
MIP Micromechanical Dynamic optical sensing ~ 2.60 pg Hz ' 0.80  Water resources 65
cantilever
Custom transducer Gold nanoparticles and CV” — 0.0010 Biological samples 66
chitosan
Multiwalled carbon Glassy carbon cv? 0.257 0.050 Water samples 67
nanotube, B-cyclodextrin and A’ mol L™*
polyaniline
DNA Graphene/SPCE Square-wave voltammetry  0.136 0.10 Human serum, human urine 68
AmolL™"
Spinel structured Glassy carbon cv? 0.0102 0.0058 Pharmaceutical formulations 69
Bay 5C0, sFe,0 A mol Lt

“ Ampere. ? Cyclic voltammetry.

individually at 1.0 pg mL™" in the lab-made sewage solution at
room temperature and submitted for analysis after 20 min of
exposure to the immunosensor. The EIS measurements were
performed in two replicates and the results are shown in Fig. 6.
The signal obtained for each potential interferent was
compared to the CIP signal at the same concentration (assumed
as 100%). The measured signals for the interferents were CBZ-
1.84%, NOR-8.61% and VEN-3.14%, demonstrating that there is
no interference from these compounds. The R did not increase
after the biosensor had been exposed to each of the potential
interferents, indicating that the antibody on the working elec-
trode presented high selectivity for CIP and did not bind to CBZ,
VEN and NOR present in the samples. This shows that the
proposed method presents high selectivity, even in the presence
of other antibiotics with similar chemical structures.

Table 2 presents the results obtained in this study in
comparison to those for other methods applied for CIP deter-
mination reported in the literature.

These data indicate that the proposed electrode presents
higher sensitivity and a lower detection limit than several other
methods, and does not undergo poisoning during consecutive
tests. Furthermore, the proposed sensor is precise, presenting
low intraday variability and high selectivity, even in complex
samples such as sewage.

4. Conclusion

The present study illustrates an easy way to modify a screen-
printed carbon electrode with an anti-ciprofloxacin mono-
clonal antibody (IgG) and monitoring by EIS. The array was used
in the development of a sensitive, selective and low-cost
impedimetric immunosensor for analysis of ciprofloxacin in
wastewater samples, allowing determination at extremely low
concentrations. The presented method has been applied to
wastewater samples, demonstrating high recovery (97%) and
accuracy even in a complex sample, being a rapid alternative

This journal is © The Royal Society of Chemistry 2020

method for monitoring of CIP in wastewater samples. The
analysis was fast, taking about 2 minutes per analysis, and no
sample preparation procedure was required, only a 1: 5 dilu-
tion in PBS buffer was sufficient. Moreover, the method requires
only 30 pL of sample and has an estimated total cost of U$ 2.00
per analysis considering the SPCE electrode. The proposed
method generates a small amount of chemical residues, making
it an environmentally friendly method.
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